Neuroparin reduced tau 2 immunoreactivity in the rat hippocampus, stimulated by intra-amygdaloid injection of A ␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34][35] . These findings are in good agreement with our previous data indicating a neuroprotective role of GAGs. These results, plus others, all suggest that Neuroparin may possess neuroprotective properties against many of the characteristic neural lesions in AD. Since our pharmacokinetic studies revealed that Neuroparin is capable of crossing the bloodbrain barrier, Neuroparin may, conceivably, open an entirely new avenue in the treatment of neurodegenerative disorders. Phase I studies have been completed, and have proven to be extremely supportive in that regard.
fects of PGs facilitating the deposition of amyloid plaques are inhibited by low-molecular-weight GAGs [2, 4] . Since GAG side chains are common constituents of PGs, the mechanism of this inhibition may involve competition of the molecules for the binding sites. In addition, GAGs inhibit the aggregation of A ␤ [5] , the secretion of amyloid precursor protein [6] , and A ␤ toxicity itself [7, 8] .
Chemical Characteristics of Neuroparin (C3)
Low-molecular-weight GAGs for use in the therapy of neurodegenerative disorders are mixtures of sulfated oligosaccharide chains with different molecular weights; consequently the standardization and reproducibility of these compounds is extremely critical. In order to study the putative beneficial effects of GAGs, in our studies we used a low-molecular-weight GAG mixture, Neuroparin (also called C3). Neuroparin is prepared by a unique process involving depolymerization of heparin by gamma irradiation, followed by selective isolation of the required product. This consists of a standardized mixture of highly sulfated dextrose oligosaccharides, with hexa-and octasaccharides dominating ( fig. 2 ) , resulting in an average molecular weight of 2.1 kDa.
An important consideration regarding GAG administration for therapeutic purposes is the extent of bioavailability of the administered GAGs in the central nervous system, and hence their ability to penetrate the bloodbrain barrier. Our previous studies revealed that Neuroparin crosses the blood-brain barrier [9] ; thus, it can be administered peripherally in order to achieve central neuroprotective effects. 
Biological Effects of Neuroparin on Animal Models of Lesions Characteristic of AD

Choline-Deficient Animal Model
One of the major characteristic features of AD is the lesion of cholinergic neurons in the central nervous system. This cholinergic deficit can be simulated in an animal model originally described by Mantione et al. [10] , which employs intraventricular administration of a specific cholinotoxin, AF64A. Since AF64A does not cross the blood-brain barrier, we administered it stereotaxically into the lateral ventricles, at the doses that are selective for cholinotoxicity (2 nmol/side). Immunohistochemical detection of the cholinergic elements revealed that administration of AF64A induced cholinergic damage in the rat septum and cingulum bundle. This lesion was characterized by the appearance of abnormally enlarged cholinergic axon varicosities, and by a reduction of the number of cholinergic perikarya in the rat brain.
In our studies, we used this choline-deficient animal model, in order to test the putative neuroprotective attributes of low-molecular-weight GAGs [11, 12] . Administration of Neuroparin 7 days before and 7 days after AF64A administration significantly reduced the abnormal cholinergic axon varicosities and blocked the AF64A-induced cholinergic neuronal loss in the rat septum. Since Neuroparin administration only before or only after the surgery did not significantly alter the AF64A-induced cholinergic damage, it is conceivable that Neuroparin possesses both neuroprotective and neuroreparative properties.
Tau 2 Animal Model
Flame-shaped tangle deposition in cortical neurons is one of the major hallmarks of AD. These tangles are composed of the hyperphosphorylated form of the tau protein, a peptide that is normally present in the brain. There is evidence that tau protein deposition is induced by abnormally cleaved amyloid fragments that can be commonly detected in the brain of AD patients as amyloid plaques. Indeed, in the animal model of tau protein deposition, described by Sigurdsson et al. [13] , unilateral injection of A ␤ 25-35 into the amygdala induced the appearance of tau-2-immunoreactive cells in the ipsilateral rat hippocampus. Oral administration of Neuroparin (25 mg/kg, twice daily), starting 3 days before the amyloid injection and continuing for 14 days after the surgery, significantly reduced the abnormal tau 2 immunoreactivity in the rat hippocampus [14] . The effectiveness of the oral dose further emphasizes the ability of Neuroparin to cross the blood-brain barrier.
Reactive Astrocytosis
In addition to the tau 2 immunoreactivity, intra-amygdaloid administration of A ␤ 25-35 also induced reactive astrocytosis around the injected deposit. Although the morphology of the deposit in the amygdala did not noticeably change in the first 4 weeks of the experiment, the number of glial fibrillary acidic protein-immunoreactive astrocytes in the close vicinity of the amyloid deposit was considerably increased. Administration of Neuroparin during a 32-day period after the amyloid injection significantly reduced this intra-amygdaloid glial fibrillary acidic protein immunoreactivity.
Effect of GAGs on Apoptosis
Apoptosis and AD Apoptosis (programmed cell death) is a process that is initiated in order to avert inflammation associated with necrotic processes by safely removing damaged cells from injury sites. The initiation of apoptotic processes can occur via intrinsic or extrinsic pathways, involving internal or external stimuli. Intrinsic pathways typically involve mitochondrial damage, when mitochondrial cytochrome C activates cytoplasmic initiator caspases. The extrinsic pathway is triggered by specific ligands ('death ligand') binding to 'death receptors' on the cell surface, and this event activates the initiator caspases in the cytoplasm. Both the internal and external pathways eventually activate caspase 3 that eventually leads to degradation of DNA in the nucleus, reducing the cell into compact units that can be easily removed from the tissue.
Extensive research indicates that apoptotic processes play a pivotal role in the pathogenesis of neurodegenerative disorders including AD. Apoptosis-related proteins are expressed and altered in brains of patients with AD [15, 16] . Moreover, neuronal caspase 3 is activated in AD [17] , suggesting that caspase inhibition may be used to improve the cognitive functions of AD patients and slow down the progression of the disease. Since the cytochrome C levels are unaffected in the frontal cortex of AD patients [16] , there is a general consensus that the majority of the cell loss associated with AD is triggered by 'death ligand'-'death receptor' interaction, involving multiple processes with or without caspase 3 activation, which eventually leads to cell death and removal.
GAGs and Apoptosis
Previous studies indicate that GAGs may play a modulatory role in the apoptotic processes. Heparin inhibits glomerular cell apoptosis in cell culture [18] and attenuates trophoblast apoptosis [19] . The GAG hyaluronan attenuates apoptosis induced by dexamethasone in malignant multiple myeloma cells [20] . Moreover, chondroitin sulfate and heparan sulfate attenuate apoptosis in fetal lung fibroblasts [21] . In contrast, numerous data indicate that certain GAGs may induce apoptosis. Thus, they may contribute to the natural processes of the body for the elimination of tumor cells. Heparin has an apoptotic effect on human hepatoma cells [22] , human nasopharyngeal carcinoma cells [23] and peripheral blood neutrophils [24] , possibly by interfering with transcription factor function [25] . Derivatives of heparin and chondroitin sulfate induce apoptosis of myeloma and breast cancer cells in vitro [26] . Chondroitin sulfate also induces apoptosis of chondrocytes [27] .
Effect of Neuroparin on AF64A-Induced Caspase 3 Activity
Our previous studies revealed that AF64A administration induces caspase 3 activity in the septal area of the rat brain [28] . The location and morphology of the caspase-3-immunoreactive structures correspond to those of the damaged cholinergic elements after AF64A administration, indicating that apoptotic processes may play a pivotal role in the AF64A-induced cholinergic lesion. Neuroparin administration significantly reduced AF64A-induced caspase 3 activity, suggesting that the cholinoprotective properties of Neuroparin may be based on the inhibition of apoptotic processes.
Effect of Neuroparin on Dendritic Branching
It has previously been described that intra-amygdaloid injection of A ␤ 25-35 significantly reduced dendritic spine density of CA1 pyramidal cells in the rat hippocampus, visualized with Golgi silver impregnation [29] . Interestingly, Neuroparin treatment following A ␤ 25-35 administration had a minor effect on the spine density of the cells; however, administration of Neuroparin alone increased dendritic branching of the hippocampal pyramidal cells [29] . These results indicate that Neuroparin appears to possess a significant neurotrophic effect on hippocampal neurons.
Effect of Neuroparin on Septal p75 Expression Induced by AF64A
The remarkable impact of Neuroparin on dendritic density raises the possibility that Neuroparin, and possibly other low-molecular-weight GAGs, induce dendritic branching via neurotrophic factors or the receptors of these factors. In our previous studies, we examined the effect of Neuroparin on nerve growth factor receptor p75 expression [30] . AF64A administration induced p75 expression in the rat septum; the morphology and the pattern of the p75-immunoreactive structures exerted a remarkable similarity to those of the cholinergic structures damaged by AF64A. These data indicate a possible compensatory mechanism of lesioned neurons directed towards neurorepair, via p75 receptor upregulation.
Administration of Neuroparin 7 days before and 7 days after AF64A injection significantly reduced p75 expression in the rat septum. These findings suggest that: (a) Neuroparin reduces p75 expression via attenuating the lesion induced by AF64A, or (b) Neuroparin may have a direct effect on neurotrophic factor metabolism. These findings may explain the significant neurotrophic properties of Neuroparin, previously described in our studies.
Biological Effect of Alternative GAGs: K3, D3, H3
Early studies in human subjects revealed that administration of a mixture of low-molecular-weight GAGs, Ateroid , improved the cognitive functions of elderly patients [31, 32] . However, since Ateroid is a mixture, it is uncertain which component is responsible for the cognitive improvements. We have previously described the remarkable neuroprotective, neuroreparative and neurotrophic effects of a component of Ateroid, Neuroparin. Since Ateroid is a mixture of heparin, heparan, dermatan, and chondroitin sulfates, we reasoned that gamma irradiation of these components of Ateroid may also be of potential therapeutic benefit in AD, when produced using the same method as that for generating C3. Consequently, components H3, D3, and K3 were produced from heparan sulfate, dermatan sulfate and chondroitin sulfate, respectively, by gamma irradiation. Although these components exerted some neuroprotective/neuroreparative properties on the AF64A-induced cholinergic lesion, their effect was significantly less than that of Neuroparin [33] .
Discussion and Summary
Neuroparin appears to exert definite neuroprotective/ neuroreparative properties in several animal models that have been developed in order to simulate the major histological hallmarks of AD. Neuroparin attenuated AF64A-induced cholinergic deficit, nerve growth factor receptor p75 expression, and caspase 3 immunoreactivity in the rat septum. Neuroparin also protected against A ␤ 25-35 -induced tau 2 immunoreactivity in the rat hippocampus, and reduced the astrocytosis induced by A ␤ injection. Moreover, Neuroparin exerted neurotrophic activity in the rat by increasing arborization and spinal density of hippocampal pyramidal cells.
There is a general consensus that GAGs exert their crucial effects for neuronal survival via competitively attenuating the effects of PGs. However, numerous other factors may play an important role in the neuroprotective/neuroreparative properties of Neuroparin. GAGs are the major constituents of the glycocalyx, thus, it is plausible that Neuroparin may increase/restore the glycocalyx layer of the cell, making the cells less sensitive to various lesions. Neuroparin may also influence nerve growth factor release and nerve growth factor receptor expression, increasing dendritic arborization and facilitating neuroregeneration. Although these possible mechanisms require further studies, the neuroprotective properties of Neuroparin appear to be well established, thus making it a promising prospect for the treatment of AD.
